BACKGROUND: Risk-reducing salpingo-oophorectomy (RRSO) is recommended for BRCA1/2 mutation carriers because of their increased risk of ovarian carcinoma. Despite RRSO, metachronous peritoneal carcinomatosis occasionally is diagnosed. METHODS: The literature was searched for BRCA1/2 mutation carriers with peritoneal carcinomatosis after risk-reducing surgery. The authors were asked for additional data. Clinical and histopathological data were descriptively analyzed. Cases were compared with a singleinstitution control cohort. RESULTS: Of 36 cases, 86.1% concerned BRCA1 mutation carriers. The median age of the patients was 52 years (range, 30-71 years) at the time of risk-reducing surgery and 60 years (range, 37-75 years) at the time of diagnosis of peritoneal carcinomatosis. The median interval between the 2 events was 54.5 months (range, 11-292 months). Peritoneal carcinomatosis was mostly high-grade serous carcinoma. Histopathological details of the RRSO specimens were retrieved in 8 cases; 5 (62.5%) were found to have serous tubal intraepithelial carcinoma and 1 had epithelial atypia. Cases were older (P 5 .025) at the time of riskreducing surgery and harbored more serous tubal intraepithelial carcinomas (P<.001) compared with women from the control cohort. CONCLUSIONS: Metachronous peritoneal carcinomatosis after risk-reducing surgery occurs predominantly in BRCA1 mutation carriers, usually within 5 years. Data have suggested that surgery at a younger age lowers the rates of peritoneal carcinomatosis. These data can be used in the gynecologic counseling of BRCA1/2 mutation carriers. RRSO should include complete salpingectomy. Detailed histopathological examination of specimens removed during RRSO is essential. Cancer 2018;124:952-9.
INTRODUCTION
Women carrying a germline mutation in one of the BRCA1 or BRCA2 genes have an increased risk of developing ovarian carcinoma. 1 Ovarian carcinoma is a collective term for carcinomas located in the ovaries, fallopian tubes, and/or peritoneum, and are of the high-grade serous histological subtype in approximately two-thirds of reported BRCA-related cases. 2, 3 Given the poor prognosis of patients with (high-grade serous) ovarian carcinoma and the lack of effective screening modalities, risk-reducing salpingo-oophorectomy (RRSO) is recommended between the ages of 35 and 40 years in BRCA1 mutation carriers and between the ages of 40 and 45 years in BRCA2 mutation carriers, before age-related increases in risk for this disease. This procedure reduces the risk of ovarian carcinoma by approximately 80% to 96%. [4] [5] [6] A residual cumulative risk of peritoneal carcinoma (ie, "peritoneal carcinomatosis") does exist, but to our knowledge there are only limited data that allow for the prediction of which women will develop metachronous peritoneal carcinomatosis and when this cancer will occur.
Several sites have been postulated as possible origins of peritoneal carcinomatosis. 7, 8 Studies indicated that many or the majority of cases originate from remnants of the embryonic Mullerian ducts, especially from fallopian tube epithelium. [9] [10] [11] However, the detection of precancerous lesions is not ubiquitous in completely sampled fallopian tubes from patients with peritoneal carcinomatosis, varying from 40% to 70% in reported cases, 12 leading others to propose that the endometrial epithelium, another Mullerian derivative, also may be the origin of some peritoneal carcinomatosis. 13, 14 Hypotheses regarding ovarian surface epithelium and the "secondary Mullerian system" of pelvic and lower abdominal mesothelium and mesenchyme 7 are less likely due to the frequent expression of coelomicspecific rather than Mullerian-specific markers. 15 However, malignant transformation of mesothelium through Mullerian metaplasia cannot be ruled out.
The objective of the current study was to collect and analyze clinical and pathological data from cases of peritoneal carcinomatosis diagnosed after intended riskreducing surgery accrued to several institutions around the world and to present this information to inform gynecologic counseling of BRCA1/2 mutation carriers. Some of these findings were compared with data gleaned from a recent single-institution cohort of BRCA1/2 mutation carriers who underwent RRSO.
MATERIALS AND METHODS

Data Collection
We performed a literature search in the Medline database to collect reported cases of peritoneal carcinomatosis after risk-reducing surgery in BRCA1/2 mutation carriers with no pathological abnormalities in the ovaries and fallopian tubes. The following search terms were used: "BRCA," "BRCA1," "BRCA2," "HBOC (hereditary breast and ovarian cancer)," "familial," or "high risk"; "risk-reducing surgery," "salpingo-oophorectomy," or "oophorectomy"; "peritoneum," "peritoneal," or "intra-abdominal"; and "cancer," "cancers," "carcinoma," "carcinomas," or "carcinomatosis". The last date of search was December 31, 2016. Studies describing 1 case(s) of peritoneal carcinomatosis after risk-reducing surgery were identified by scrutinizing titles and abstracts and full texts. Both the reference lists and citations of relevant articles also were checked to find articles we missed in the initial search. Only studies in English were included. Cases were excluded if either the initial or revised microscopic evaluation of the salpingo-oophorectomy specimen revealed invasive carcinoma. Although we only were interested in BRCA1/2 mutation carriers, studies that did not mention BRCA status or were published before the BRCA genes had been identified were not excluded at this stage because of the possibility that the respective authors would have updated data on these cases.
We then contacted the authors of the identified articles using e-mail with the request to fill out a 2-page case record form for each reported case from their experience and, if applicable, for other cases of peritoneal carcinomatosis after risk-reducing surgery. In the event they did not reply to our first request, we sent a reminder after 4 weeks and repeated the request if necessary. We also sent comparable e-mails to our national and international contacts who are experts in the field of hereditary breast and ovarian cancer.
The 2-page case record form consisted of several items: age, BRCA mutation status, breast cancer history including stage and histology, type of risk-reducing surgery and histopathologic outcomes, details regarding peritoneal carcinomatosis diagnosis (eg, age, histology, grade, stage, and treatment), and the patient's vital status. All data were anonymized before they were sent to us. We eliminated duplicates by comparing birth years and dates of surgeries. Local legal procedures of each contributing institution were followed to allow data sharing whenever required. Whenever BRCA mutation status was unclear or negative, those cases were excluded.
These findings were compared with a singleinstitution cohort of all BRCA1/2 mutation carriers who underwent RRSO at the Radboud University Medical Center in Nijmegen, the Netherlands, between 2014 and 2016 and did not have invasive carcinoma in their surgical specimen (113 patients). All RRSO specimens were completely embedded and sectioned according to the protocol for Sectioning and Extensively Examining the Fimbriated End (SEE-FIM), 16 which has been adopted as institutional standard protocol. Precancerous lesions in the fallopian tube, including serous tubal intraepithelial carcinomas (STICs), were classified using the algorithm published by Visvanathan et al. 17 This cohort was used to analyze whether cases assembled from the literature of BRCA1/2 mutation carriers who developed metachronous peritoneal carcinomatosis after risk-reducing surgery had clinical characteristics different from this recent single-institution cohort of BRCA1/2 mutation carriers undergoing RRSO.
The Medical Research Involving Human Subjects Act (in Dutch the WMO) was not applicable to the current study because this was a retrospective study using anonymized data from medical records. Therefore, the study was exempted from requiring approval by the institutional review board.
Statistical Analysis
Basic descriptive statistical analyses were performed to summarize the retrieved set of international cases using the SPSS statistical software package (version 22; IBM Corporation, Armonk, New York). The median age at the time of risk-reducing surgery, the time interval between surgery and the diagnosis of peritoneal carcinomatosis, and survival were calculated. Distribution of tumor histopathology, grade, and stage were summarized. The following tests were applied to compare cases with our single-institution cohort: the Mann-Whitney U test for nonparametrically distributed continuous variables, the chi-square test for categorical variables, and the Fisher exact test for categorical variables in the case of smaller subgroups.
RESULTS
Our Medline search yielded 129 articles, 21 of which remained after screening titles, abstracts, and full texts. An additional 7 relevant reports were identified after reference lists and citations were checked (see Supporting Information Table 1 ). The contact details for the authors of one study describing a possibly relevant case could not be retrieved. 18 Because some of the articles had overlapping authors, we eventually sent 20 e-mail inquiries. Two authors replied that they did not have access to the requested data any longer and referred us to others, who subsequently did not reply. After several reminders, 6 authors completed a total of 36 case record forms, 8 of which could be recognized from previous publications. 5, [19] [20] [21] Six cases could be added from our own institution. From Dutch colleagues, we received 2 additional cases. E-mail requests to several other international connections in the United Kingdom, Israel, Canada, Germany, and Norway yielded no additional cases. We collected a total of 44 cases of peritoneal carcinomatosis after risk-reducing surgery without invasive carcinoma in BRCA1/2 mutation carriers. Of these, 8 were excluded because specimens of their risk-reducing surgeries contained carcinoma and/or serous borderline tumors (4 cases), metachronous peritoneal carcinomatosis appeared to be recurrent endometrioid endometrial carcinoma (1 case), or uncertainty existed regarding previous removal of the ovaries (1 case) or histology at the time of riskreducing surgery (2 cases). No duplicates were detected, and data from 36 cases eventually could be analyzed (Table 1) . 5, [19] [20] [21] The characteristics of the 36 assembled cases can be found in Table 2 . Of the 36 cases, 31 (86.1%) were BRCA1 mutation carriers, whereas the remaining 5 patients harbored a germline mutation in BRCA2. Riskreducing surgeries took place between 1961 and 2014. The median age at the time of surgery was 52 years (range, 30-71 years) (Fig. 1) for the entire group and differed significantly between BRCA1 and BRCA2 mutation carriers (51 years [range, 30-71 years] and 57 years [range, 56-65 years], respectively [P 5 .006]). The median age at the time of diagnosis of peritoneal carcinomatosis was 60 years (range, 37-75 years), and the median interval between risk-reducing surgery and diagnosis of peritoneal carcinomatosis was 54.5 months (range, 11-292 months) (Fig. 2) . The interval between risk-reducing surgery and diagnosis of peritoneal carcinomatosis was not found to be related to age at the time of risk-reducing surgery (Fig. 3) . The majority of patients had undergone salpingo-oophorectomy (31 of 36 patients; 86.1%), and 16 patients (44.4%) also had undergone a hysterectomy. Three women underwent oophorectomy only, with the majority of the fallopian tubes left in situ according to the pathology report, although clinical notes suggested that total salpingo-oophorectomy was performed in 2 of these women. In 2 other cases, it was unclear whether salpingectomy was performed. The complete surgical specimens including the fallopian tubes of only 8 women from the assembled cases were known to be entirely embedded and examined. Five of these 8 women had STICs, and another demonstrated tubal epithelial atypia. However, in the majority of cases, the ovaries and fallopian tubes were not entirely sampled and therefore precancerous lesions and occult invasive cancers might have been missed. The median survival time was 24 months Table 2 . The following variables were found to be statistically significantly different between patients with metachronous peritoneal carcinomatosis after risk-reducing surgery and those from the consecutive, single-institution cohort of women who underwent RRSO: median age at risk-reducing surgery of 52 years (range, 30-71 years) versus 46 years (range, 32-80 years) (P 5 .025) (Fig. 1]) , percentage of BRCA1 mutation carriers of 86.1% versus 53.1% (P<.001), and percentage of STICs in the RRSO specimen of 62.5% versus 0% (P<.001) ( Table 2) .
DISCUSSION
Metachronous peritoneal carcinomatosis diagnosed in BRCA1/2 mutation carriers after risk-reducing surgery is rare. However, every individual case is particularly dramatic because these patients did their utmost to prevent this lethal disease. In the current study, we collected detailed clinical and pathological data regarding a relatively large series of such cases from centers in the Netherlands, Canada, and the United States. The majority of assembled cases were in BRCA1 mutation carriers, with far fewer cases noted among BRCA2 mutation carriers. The median age at the time of risk-reducing surgery was 52 years and the median age at the time of diagnosis of peritoneal carcinomatosis was 60 years, with a median interval between the 2 events of 54.5 months. Five of 8 entirely examined surgical specimens from RRSOs in the assembled cases contained STIC and another demonstrated atypia in the tubal epithelium. These findings from the assembled cases differed significantly from our single-institution cohort, which consisted of BRCA1/2 mutation carriers with an overall lower median age at the time of RRSO, a higher percentage of BRCA2 mutation carriers, and no STIC or occult carcinomas detected in their surgical pathology specimens.
Finch et al 22 reported on cancer incidence in an international registry from 43 hospitals in 7 countries, including 3513 BRCA1/2 mutation carriers who underwent risk-reducing surgery. Twenty-eight of 2649 BRCA1 mutation carriers (1.1%) and 4 of 864 BRCA2 mutation carriers (0.5%) developed peritoneal carcinomatosis. The mean age at the time of risk-reducing surgery was not reported by these authors. The mean age at the time of diagnosis was 51.6 years (range, 36-69 years), and the average interval after risk-reducing surgery was 6.1 years (range, 1-20 years), which are consistent with the findings from our assembled cases. Finch et al estimated cumulative risks of peritoneal carcinomatosis of 3.9% in BRCA1 mutation carriers and 1.9% in BRCA2 mutation carriers during the 20 years after risk-reducing surgery. 22 Metachronous peritoneal carcinomatosis occurred in 0.3% of the women in this cadre who underwent risk-reducing surgery before the age of 40 years and in 0.7% of those who underwent surgery between ages 40 and 50 years. 22 The median age at the time of diagnosis of peritoneal carcinomatosis was higher and the median interval between risk-reducing surgery and this diagnosis was shorter in the current study of assembled cases compared with the mean age and interval reported by Finch et al. 22 Although early RRSO appears to be beneficial in terms of a lower incidence of STIC and metachronous peritoneal carcinomatosis, [22] [23] [24] the latter still occurred after (complete) RRSO was performed, at 36 years in 1 case. Nevertheless, the current study data favor the current recommendation of riskreducing surgery at ages 35 to 40 years for BRCA1 mutation carriers and ages 40 to 45 years for BRCA2 mutation carriers. 25 Peritoneal carcinomas were found to be high-grade serous in the vast majority of assembled cases (75% of cases with known histology). One clear cell carcinoma was detected. The remaining cases were undifferentiated or unclassified carcinomas, which is consistent with histological findings of peritoneal carcinomatosis in other publications. 26 However, the histological distribution may differ over time due to changes in histopathological classification guidelines over the years. The application of World Health Organization 2014 criteria for classification demonstrated that the majority of ovarian carcinomas were high-grade serous carcinomas, 27 which we now expect is the appropriate classification for the majority of the peritoneal carcinomatosis in our assembled cases.
The findings from the current study support an important role for the fallopian tube in the pathogenesis of peritoneal carcinomatosis by the appearance of STICs and the time interval after risk-reducing surgery. First, 5 STIC lesions were detected in 8 sufficiently pathologically examined RRSO specimens from women who subsequently developed peritoneal carcinomatosis (62.5%), compared with no STICs in our control cohort and up to 8.0% in literature. 23, 28 This difference is interesting to note, although the event numbers are small and we could not discern whether these peritoneal carcinomas were related to the initial STIC or had a different site of origin. It also is interesting to note that an identical TP53 mutation and a largely identical genomic imbalance were detected in an STIC case from an RRSO specimen of a 45-year-old BRCA1 mutation carrier and peritoneal carcinoma that occurred 10 years later in the same patient, thereby suggesting a clonal origin. 29 The second finding that supports a role for the fallopian tube in the pathogenesis of peritoneal carcinomatosis is the relatively short time interval between prophylactic surgery and the diagnosis of peritoneal carcinomatosis (5 years in approximately 66.7% of collected cases in the current study). As calculated in a model by Brown and Palmer, 30 the median duration of the entire occult period of serous carcinoma is 5.1 years (95% confidence interval, 3.2-8.1 years), and therefore (pre)cancerous tubal epithelium cells that were shed into the abdominal cavity just before removal of the fallopian tubes and ovaries could plausibly present as peritoneal carcinomatosis many years later.
It is interesting to note that we found that although clinical notes may state "bilateral salpingo-oophorectomy," the fallopian tube might not be entirely removed during risk-reducing surgery, as was the case in at least 3 of the assembled cases in the current study, and in 2 cases, remnants of fallopian tube fimbriae were recognized in subsequent peritoneal biopsies. Moreover, normal tubal epithelium might have ingrained into the peritoneum before salpingectomy, remaining benign until initiating malignant transformation several years after surgery. 10, 12 Alternatively, another site of origin of peritoneal carcinoma remains plausible, especially in cases diagnosed after longer intervals after complete salpingo-oophorectomy with or without hysterectomy.
The strength of the current study lies in the collection of 36 cases of peritoneal carcinomatosis in BRCA1/2 mutation carriers after risk-reducing surgery with corroboration and expansion of data regarding these assembled cases through direct communication with the authors. Although follow-up of our single-institution control cohort was short and a few patients could develop peritoneal carcinomatosis in the future, that number supposedly would be very low and would not substantially alter the characteristics of this control cohort. Nevertheless, we must take into account that this cohort has been counseled and treated according to the latest insights, whereas risk-reducing surgeries of 25 of the 36 assembled cases were performed >10 years ago. Therefore, the comparison should be interpreted with caution. Furthermore, the absence of any STICs in our single-institution cohort of 113 BRCA1/2 mutation carriers is remarkable although incidences of 1% have been reported elsewhere. 23, 31, 32 A possible explanation for the absence of STICs in our single-institution cohort is the strict adherence of study pathologists to the algorithm published by Visvanathan et al 17 to classify precancerous lesions of the fallopian tube. In this algorithm, both a TP53-mutated immunohistochemical profile and Ki-67 positivity are required for the diagnosis of STIC. The application of these criteria to other studies reporting on STIC incidence would lower the incidence (eg, only 1 of 8 isolated STICs detected in another study fulfilled these criteria, thereby decreasing the incidence from 10.4% to 1.3%). 24 Other studies did not report the use of TP53 and Ki-67 immunohistochemistry. 23, 28, 31 The current study has several limitations. In some cases, particularly those reported long ago, significant amounts of data were missing from the clinical records. Because the majority of surgeries antedated the widespread adoption of the now standard SEE-FIM protocol, 16 it was not used in many of our assembled cases. Because complete diagnostic tissues were irretrievable in the majority of the assembled cases, centralized pathological review was not performed on either prophylactic surgery specimens or peritoneal carcinomatosis. Together, the findings of the current study cannot be fully generalized to patients coming through health services today.
The majority of peritoneal carcinomatosis cases in the current study were diagnosed <5 years after riskreducing surgery was performed in the 36 assembled cases, and these for the most part were noted among women who underwent surgery later than the currently recommended ages of 35 to 40 years for BRCA1 mutation carriers and 40 to 45 years for BRCA2 mutation carriers. The findings of the current study can be used to refine gynecologic counseling for BRCA1/2 mutation carriers who consider risk-reducing surgery and to stress the importance of complete RRSO at the recommended ages. Complete examination according to the SEE-FIM protocol should be followed in all pathological processing of surgical specimens from BRCA1/2 mutation carriers, although to our knowledge as yet there is no consensus regarding how patients should be managed when preinvasive lesions are found. In the quest toward a better understanding of pathogenesis and to address outstanding questions for counseling and clinical management, further prospective research is needed using agreed-upon standards for the delivery and processing of surgical specimens from BRCA1/2 mutation carriers and uniform formats and nomenclature for reporting demographic, medical, surgical, and pathology data with long-term follow-up to specialized central cancer registries.
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